Design of a low band gap oxide ferroelectric: Bi 6 Ti 4 Oi7 
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A strategy for obtaining low band gap oxide ferroelectrics based on charge imbalance is described 
and illustrated by first principles studies of the hypothetical compound BieTi40i7, which is an 
alternate stacking of the ferroelectric Bi4TisOi2. We find that this compound is ferroelectric, similar 
to Bi4Ti30i2 although with a reduced polarization. Importantly, calculations of the electronic 
structure with the recently developed functional of Tran and Blaha yield a much reduced band gap 
of 1.83 eV for this material compared to Bi4TiaOi2. Therefore, BieTi40i7 is predicted to be a low 
band gap ferroelectric material. 

PACS numbers: 78.20.Ci,77.55.fp,71.20.Ps,71.15.Mb 
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Oxide ferroelectrics suitable for applications generally 
have band gaps of 3 eV or higher. However, observations 
of interesting photovoltaic effects that may be of practi- 
cal importance [H-Q have led to interest in materials with 
stronger light absorption and lower band gaps. 6] In this 
regard, Ti is a particularly interesting element. First of 
all it occurs in a variety of well known useful ferroelec- 
tric materials, such as BaTi0 3 , PbTi03 and Bi4Ti 3 0i2- 
Secondly, it readily forms oxides in two valence states, 
Ti 4 + (e.g. Ti0 2 and BaTi0 3 ) and Ti 3 + (e.g. Ti 2 3 and 
LaTi0 3 ). Finally, interfaces of SrTi0 3 with LaTi0 3 or 
LaA10 3 have been shown to be metallic with high mobil- 
ity. This indicates that Ti in the oxide matrix repre- 
sented by this interface is in a metallic state with valence 
intermediate between 3+ and 4+. Thus Ti 4+ oxides with 
small band gaps intermediate between the large gaps of 
materials such as BaTi0 3 and the zero gap metal of the 
LaA10 3 / SrTi0 3 interface could exist. In general the 
charge balance, in other words the ionic states, of atoms 
in solids are determined by the Ewald potential. The key 
questions arc whether it is possible to use this in realiz- 
able layered structures to destabilize Ti 4+ sufficiently to 
lower the band gap, without crossing over to Ti 3+ or a 
metallic state, and if so, whether the resulting material 
can be made ferroelectric. 

Bi4Ti 3 0i2 is an interesting starting material from this 
point of view. It has a polarization of P ~ 50/iC/cm 2 
at room temperature, |8l-[lfj| and it has a moderately 
low absorption edge of 3 eV. [TJ E3 It has a layered 
structure based on a stacking of perovskite BiTi0 3 and 
fluorite-like bismuth oxide blocks (see below) and can be 
grown in very high quality thin film form. [13| The pres- 
ence of separated oxide blocks in a material amenable 
to thin film growth allows more possibilities for chem- 



ical modification, while retaining the ferroelectric func- 
tion. [ilj - [l7j According to recent first principles calcula- 
tions, the reduced band gap in this material arises from 
an imbalance between the Bi-0 and perovskite parts of 
the unit cell. [l2[ It is known that alternate layerings 
based on Bi 4 Ti 3 0i2 can be grown in thin films. For 
example, Nakashima and co-workers recently reported 
synthesis and properties of BisTi 3 FeOi5. Importantly, 
the polarization direction is almost perpendicular to the 
layer stacking direction in Bi 4 Ti 3 0i2- Here we exploit 
these facts to propose a new ferroelectric material based 
on Bi 4 Ti 3 0i2 but with a lower band gap of ~1.8 eV, 
which is a much better value for exploiting the solar spec- 
trum than typical oxide ferroelectric band gaps of 3 eV 
or higher. The proposed material is based on an alter- 
nate layering with an extra perovskite layer and an ex- 
tra compensating Bi-0 fluorite layer, to yield a formula 
Bi 6 Ti 4 0i7. This amounts to adding an extra perovskite 
layer to the perovskite block in Bi 4 Ti 3 0i2, which adds 
positive charge to this block and compensating this by 
negative charge in an extra BiC>2 fluorite type layer. 

Importantly, Ti 4+ contains no occupied d orbitals, and 
is non-magnetic. While this precludes any magnetic func- 
tionality, it does offer some advantages: the lack of mag- 
netic moments is favorable for achieving reasonable mo- 
bility because there will not be strong magnetic scatter- 
ing, and the band gap will be of charge transfer character 
and therefore associated with strong optical absorption 
in contrast to gaps of d-d character. 

We performed full density functional structural relax- 
ations for BieTi 4 0i7 and find a ferroelectric structure. 
The calculated polarization is smaller than Bi 4 Ti 3 0i2, 
but still sizable. We then did calculations of the elec- 
tronic structure using the functional of Tran and Blaha, 
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TABLE I: Internal coordinates of monoclinic Pb (No. 7, 
unique axis a) BieTi4 0i7. There are two formula units per 
cell, with all atoms occurring on general sites. The lattice pa- 
rameters are a=5.479A, &=5.510A, c=25.278A, a=90.965°. 
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FIG. 1: (color online) Relaxed structure of BieTi40i7 



[18| which is a modified Becke- Johnson form that includes 
the kinetic energy density and yields greatly improved 
band gaps for simple oxides and semiconductors. |18l - l21| 
Importantly, application of this functional, which we de- 
note TB-mBJ, to Bi 4 Ti 3 0i2 yields very close agreement 
with the measured experimental optical spectrum. [l2[ 
The calculated band gap of the new Bi6Ti 4 0i7 ferroelec- 
tric phase with the TB-mBJ functional is 1.83 eV. 

As mentioned, we started with a full structural re- 
laxation. This was done using the generalized gradient 
approximation (GGA) of Perdew, Burke and Ernzerhof 
(PBE). [H[ We used the VASP package [HSH with pro- 
jector augmented wave (PAW) pseudopotentials, [IH [26[ 
for the initial structure relaxation. This was done in a 
scalar relativistic approximation with a plane-wave cut- 
off of 500 eV for the basis set and with a Brillouin zone 
sampling based on a 4x4x1 k-point mesh, where c is the 
long axis of the cell. Energy and force convergence was 
tested. 

We started with an initial guess for the structure based 
on the layering of B14T13O12 with an additional per- 
ovskite BiTiC>3 block compensated by an additional flu- 
orite BiC>2 layer. We then fully relaxed this structure 
for both the lattice parameters and internal coordinates 
allowing monoclinic Pb symmetry, which is the symme- 
try of Bi 4 Ti 3 0i2. This was continued until the stress 
tensor components were below 0.25 kBar and the atomic 
forces were below 0.01 eV/A. The final structure had 
lattice parameters a=5.479 A, 6=5.510 A, c=25.289 A, 
and monoclinic angle a=90.965°. The resulting unit cell 
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volume is 763.4 A 3 . We then performed a further re- 
laxation of the internal coordinates using the more pre- 
cise all-electron general potential linearized augmented 
planewave (LAPW) method, [27| with no imposed sym- 
metry. These calculations were done with the WIEN2k 
code. [28[ We used a well converged LAPW basis with lo- 
cal orbitals to relax linearization errors and include semi- 
core states. [HI The resulting structure is depicted in 
Fig. Q] and the internal coordinates are given in Table 
HI Importantly, the structure does not relax to a higher 
symmetry non-polar group but stays essentially Pb. 

The polarization was calculated using the Berry phase 
method [3(| with the quantum espresso code. (3ljj The re- 
sulting polarization is in the monoclinic plane close to the 
&-axis as defined (c=5.510 A), but rotated towards the 
long c-axis. The calculated polarization is 19 /iC/cm 2 in 
the b-c plane, 5.5° away from b. It comes mainly from Ti 
and the Bi off-centering in the perovskite blocks. There- 
fore the ferroelectricity can still exist in this charge im- 
balanced structure. 

We used the relaxed structure, as above, as input to 
electronic structure calculations with the LAPW method. 
The calculations were performed relativistically, includ- 
ing spin-orbit, with a 4x4x2 k-point mesh for sampling 
the Brillouin zone. Parallel calculations were performed 
with the TB-mBJ functional and the standard PBE 
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FIG. 2: (color online) Electronic density of states of 
Bi6Ti40i7 as obtained with the PBE and TB-mBJ function- 
al based on the relaxed crystal structure. The states below 
~-7 eV are Bi 6s states, those from -7 eV to the valence band 
edge at eV are the O 2p derived valence bands, and those 
above eV are the conduction bands. 
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FIG. 3: (color online) Is core level positions of the O and Bi 
ions relative to the average core level position of the respective 
species as a function of fractional position z along the c-axis 
as in Tabled] 

GGA. 

The resulting electronic densities of states are shown in 
Fig. [5] While the TB-mBJ band gap is larger than that 
obtained with the standard PBE GGA, it is small com- 
pared to other oxide ferroelectric materials. We obtain a 
value E g =l.83 eV with this functional. For comparison, 
the PBE value is 1.28 eV. Therefore this material is pre- 
dicted to be a low band gap oxide ferroelectric. Turning 
to the nature of the gap, the valence bands are com- 
prised mainly of O 2p states, while the conduction bands 
are primarily from Bi 6p and Ti 3d states, although as 
in other ferroelectrics based on these elements, there is 
cross gap hybridization involving the O 2p orbitals and 
the nominally unoccupied Bi 6p and Ti 3d states. Thus 
the gap is of charge transfer character. This is of impor- 



tance because, unlike d-d gaps, a charge transfer gap is 
generally associated with strong optical absorption above 
the band edge. 

The reduced gap and polarization relative to 
Bi4Ti 3 0i2 are related. As seen in Fig. Q] there are large 
displacements relative to the O cages of the ions away 
from the center of the perovskite part of the unit cell es- 
pecially for the Ti and Bi ions away on the outer planes 
of the perovskite block. This is a consequence of the 
fact that the perovskite layers have net positive charge, 
which is compensated by the Bi-0 layers. Thus cations 
are pushed away from the center of the perovskite block 
towards the Bi-0 block. 

Actually, it might seem that the net positive charge 
of perovskite blocks based on Bi +3 Ti +4 0.3~ 2 (net +1 per 
unit) means that one cannot add such a layer. However, 
it should be emphasized that fully three dimensional per- 
ovskites based on Ti and trivalent ions, i.e. LaTiOa and 
YTi03 for example, do exist in nature. In these com- 
pounds Ti takes a trivalent +3 state. What we are really 
doing is driving the Ti in the direction of a +3 state. 
Importantly, stable Ti 4+ oxides typically have band gaps 
of 3 eV or higher, while the present compound has a low 
band gap and while in itself is an indication of chemi- 
cal instability, prior results for metallic conduction at Ti 
interfaces with charge imbalance suggest that it may be 
possible to stabilize the present stacking even though it 
has a small band gap. 

The net positive charge in the perovskite layers is also 
the origin of the reduced gap. The net positive charge 
pulls down the energies of the cation orbitals in this re- 
gion reducing the gap. This effect can be clearly seen 
in the core level positions. Both Bi and O ions occur 
in both the perovskite and Bi-0 parts of the unit cell. 
Fig. [3] shows the Is core level positions of these ions as 
a function of the fractional coordinate along the a-axis 
relative to the average core level position of the respec- 
tive ion. The perovskite part of the cell is approximately 
from £=0.25 to x=0.75. The deep Is levels do not par- 
ticipate in bonding, and therefore their positions reflect 
the Coulomb potential. As may be seen, the core level 
is pulled to higher binding energy in the perovskite part 
of the cell, reflecting the positive charge in this region 
(electrons are negatively charged, so electronic states are 
pulled to higher binding energy by positive charge). The 
variation in the core level positions is greater than 1 eV, 
which is enough to explain the band gap reduction. Also, 
if the compound is synthesized, O Is core level variations 
of this magnitude should be measurable. 

Turning to the polarization, the local electric field in- 
duced cation displacement reflects a rotation of the po- 
larizations of the individual perovskite layers to yield 
components along a that mostly cancel between the lay- 
ers above and below the center. In other words the 
cations in the outermost layers of the perovskite blocks 
are pushed away from the center along the a-axis, reduc- 
ing the mainly c-axis net polarization. Nonetheless, while 
reduced relative to Bi4Ti30i2, a sizable net polarization 
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remains. 

To our knowledge the proposed compound BigTi^ij 
has not been reported. As such, a key question is how it 
could be made. It does not appear in existing phase dia- 
grams, and we note that there are competing phases. The 
basic idea underlying this work is to exploit constraints 
imposed by layering, in this case charge imbalance. In 
a sense this is similar to past work using epitaxial con- 
straints to impose strain on various layers in thin films to 
produce new ferroelectrics. By analogy the most likely 
route would seem to be based on thin film growth. In par- 
ticular, as layer by layer growth of the Bi-Ti-0 system 
is perfected it may be become possible to grow alternate 
stackings, including the one proposed in a controlled way. 

Even if it is not possible to grow the proposed material, 
it may be possible to grow other stacking sequences using 
charge imbalance to manipulate the band gap, starting 
with ferroelectrics such as PbTiC>3 or (Ba,Sr)Ti03. For 
example, one could perhaps make superlattices consisting 
of PbTiC>3 with alternating substitutions of TiC>2 layers 
by e.g. ScC>2 or AIO2, which would have net negative 
charge, and PbO/BaO by BiO or LaO, which would have 



net positive charge; in this case the band gap would be 
controlled by the separation of the positive and negative 
layers in the superlattice. Furthermore, such a system 
may be ferroelectric if one can keep the polarization per- 
pendicular to the layer stacking direction, e.g. by epi- 
taxial strain as might be obtained in this case by grow- 
ing on a rectangular (100) face of (001) poled tetragonal 
PbTi0 3 . 

The key result of the present study is that we show 
computationally by a specific example that it is possible 
to have charge imbalanced titanates that combine a low 
band gap with ferroelectricity. 
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